The transmission disequilibrium test (TDT) is widely used as a robust statistical method to test for genetic association due to linkage based upon analysis of parent-proband trios. The TDT and other family-based tests (eg haplotype relative risk method) are commonly used in association studies including those of ADHD because of concerns that the case-control design has a strong tendency for false positives due to poor matching between cases and controls. Unfortunately, it is not always possible to obtain DNA from both parents in studies of this design, even where the onset of disorder is in childhood, and usually the missing parent is the father. Despite the fact that methods exist for analysis where one parent is missing, many family-based studies are based on the collection or analysis of complete trios only. However this selection process might potentially introduce bias, particularly for studies of behavioural phenotypes like ADHD because the phenotype of proband or parents might influence family stability and therefore complete parental ascertainment. We set out to examine whether children with ADHD and for whom DNA samples from fathers were missing ('duos') differed phenotypically from children for whom genotype information was available from both parents ('trios'). Children from duos showed a significantly higher frequency of DMS-IV ADHDcombined type, significantly more co-morbid conduct disorder and conduct disorder symptoms, and a trend for higher total ADHD symptom scores. Excluding duos from sample collection and analysis may result in systematic bias. If comorbid conduct disorder and ADHDcombined type index increased genetic liability, exclusion of duos could further reduce the power of the TDT (and similar tests) to detect susceptibility genes for ADHD, or replicate effects detected by case-control analysis. Molecular Psychiatry (2002) 7, 962-966.
Introduction
Genetic association studies are increasingly supplementing or replacing linkage studies as researchers seek alleles conferring small increments in disease risk. Traditionally, in genetics as elsewhere in epidemiology, association studies have relied upon the case control design. However, concerns about the potential of such designs to generate false positives as a result of poor matching between cases and controls has led to increasing use of family-based association analysis [1] [2] [3] and in particular, the transmission disequilibrium test (TDT) 4 which overcomes this theoretical problem. In its original form, the TDT relies on genotype data from both parents as well as affected offspring. This limits the sample availability for diseases with an older age of onset, and therefore puts major constraints on power. However, this is not generally perceived as a problem for childhood or early onset disorders where obtaining DNA samples from parents and collecting large samples of complete trios is at least theoretically feasible. However if probands are representatively ascertained, even for childhood disorders, the family structure will not always be intact and there will be cases where it is impossible to get blood samples from one or other parent, nearly always from the father.
The statistical implications of missing genotype data from a parent have been considered elsewhere. Sham and Curtis 5 pointed out that discarding some data may lead to bias in the TDT but although statistical methods of dealing with missing parental data have been now developed, 6, 7 researchers have sometimes restricted analysis to complete trios or not fully used information on duos. Although this is wasteful, this approach is satisfactory where parent-proband trios are easy to obtain with the proviso that the genotypes of the missing parents are representative of the whole population as are the genotypes and phenotypes of the discarded probands. If these conditions are not met it is possible that trio-based samples will be biased such that it may be difficult to replicate findings based upon case-control analysis. Moreover, if the bias operates in favour of excluding cases that are more genetically loaded, studies based on trios may suffer from additional loss of power.
We postulate that for many psychiatric phenotypes such a bias is likely to operate. Greater severity of phenotype in the proband may induce family tensions resulting in family disruption. Moreover, a strong loading of related genotypes in the parents may be associated with the same sort of adversity and consequently lead to parent and even proband exclusion. We have sought to test this by comparing the characteristics of ADHD probands who have a missing parent (that is a parent who is unavailable for providing a DNA sample, regardless of whether living with the child or not) with those of probands with complete parental ascertainment.
Methods

Sample
Families of children with suspected ADHD were recruited using uniform methods of ascertainment and without regard to family structure (provided one biological parent was available) or sociodemographic status from Child and Adolescent Psychiatry Clinics in Manchester and Birmingham (UK). Written informed consent and assent was obtained from parents and children. The research protocol was approved by the North-West Multicentre Research Ethics Committee.
Both centres used the same assessment instrumentthe Child and Adolescent Psychiatric Assessment (CAPA) 8 and the same exclusion criteria: full scale IQ below 70, epilepsy or a major neurological condition, Tourette's syndrome, a pervasive developmental disorder, or laboratory evidence of fragile X Syndrome.
Mothers were interviewed about symptoms of ADHD, oppositional defiant disorder and conduct disorder using the CAPA, which is a semi-structured, investigator-based diagnostic interview. Interviewers, who were either psychologists or psychiatrists were trained in the use of the CAPA in a 3-day training workshop prior to commencing the study and subsequently further supervised by AT. All interviews were audio taped, and quality control was maintained through fortnightly ratings meetings supervised by AT.
Information about ADHD symptoms at school was necessary to determine that the children fulfilled the diagnostic criterion for the presence of symptoms in more than one setting. This was obtained from teachers using a semi-structured teacher telephone interview, that involves asking the class teacher about DSM-IV symptoms of ADHD and impairment shown in class 9, 10 or the Conner's questionnaire. 11 
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The diagnoses of ADHD were made using DSM-III-R/DSM-IV and ICD-10 criteria. Inter-rater reliability kappa coefficients were calculated for diagnoses made according to each classification system. They were individually all greater than 08 and for an overall diagnosis of ADHD, the kappa coefficient was 1.
10
Definition of duo and trio
In this study some children were from intact families and others were not. In the latter situation, vigorous efforts were made to contact the father, so that wherever possible a blood or salivary sample was obtained. All families for whom blood or salivary samples were successfully obtained from father, mother and affected offspring were classified as 'trios'. Where the father was not available to give a blood sample (father not known, total loss of contact with father, refusal of estranged father to give a sample, father serving prison sentence), the pair of mother and affected offspring were categorised as 'duos'.
Analysis
Children of 'duos' and 'trios' were compared in terms of age, sex, DSM-IV ADHD subtype, total ADHD symptom score, DSM-IV oppositional defiant disorder, conduct disorder and total DSM-IV oppositional defiant disorder and conduct disorder symptom scores.
Continuous data were compared using the MannWhitney test and categorical data analysed using contingency table analysis. All levels of significance were calculated using two-tailed tests. All data were analysed using the statistical software SPSS for Windows version 10.
Results
Of the total 241 cases, 220 (91.3%) were boys and 21 (8.7%) girls. Their ages ranged from 4.7 years to 15.4 years with a mean age of 9.8 years (SD 2.28).
Seventy-two (29.9%) were categorised as duos and 161 (66.8%) were trios. Eight cases (3.3%) were excluded, as the data were incomplete. There were no differences between the duos and trios in terms of age and sex (mean age of duos 10.3 years, mean age of trios 9.7 years; 96% males and 4% females in duos, 90% males and 10% females in trios).
ADHD subtypes
Of the duos, 64 (89%) met DSM-IV diagnostic criteria for ADHD-combined sub-type, one (1.4%) inattentive and seven (9.7%) hyperactive-impulsive subtype. Of the trios, 123 (76.4%) showed ADHD combined type, 14 (8.7%) had inattentive and 24 (15%) had hyperactive impulsive sub-type ( Table 1) . The difference between duos and trios just reached conventional levels of statistical significance (Table 1) .
Oppositional defiant disorder and conduct disorder DSM-IV allows for separate diagnostic categories of oppositional defiant disorder and conduct disorder. There was no difference between the numbers of chil- dren from duos and trios (50% vs 56%) meeting the diagnostic criteria for oppositional defiant disorder (Table 2) . Co-morbidity for the categorical diagnosis of conduct disorder was next considered. The frequency of conduct disorder was significantly higher in duos (22%) than in trios (11%) (see Table 2 for odds ratios).
ADHD symptom scores
Total ADHD symptom scores were examined next. To make a diagnosis of ADHD under DSM-IV, it is possible to have between six and 18 symptoms. All of the children with a DSM-IV diagnosis of ADHD were identified. The individual symptom scores rated as present (1) or absent (0) using the CAPA were summed to arrive at a total quantitative symptom score for ADHD. Thus the symptom score could range between six and 18. The duos (n = 68) had a mean of 15.4 symptoms (SD 2.23). The trios had a mean of 14.8 symptoms (SD 2.36) (n = 154). This difference was not statistically significant using two-tailed P values (Table 3) . 
Oppositional defiant disorder and conduct disorder symptom scores
The total symptom score mean for the eight oppositional defiant symptoms included in the DSM-1V classificatory system was calculated. The duo mean was five and the trio mean was four. The difference was not significant (Table 3) . For total DSM-IV conduct disorder symptoms, the duo mean was 1.3 (n = 70). The trio mean was 0.8 (n = 160). The difference between the two groups just achieved statistical significance (Table 3) .
Discussion
Our results suggest that affected offspring with ADHD, for whom DNA is not available from the father, are different from the main sample of complete trios in that they show an increased frequency of ADHD-combined type, a non significant trend for increased ADHD symptom scores, slightly higher mean conduct disorder symptom scores and significantly increased rates of conduct disorder. Although the differences between duos and trios are not large, we used two-tailed tests (the differences achieved significance levels of Ͻ0.05 with one-tailed tests) and the results support our hypothesis that children with ADHD for whom father's DNA is not available appear to differ phenotypically. Is this important? It may be for two reasons. First if duos are excluded from sample collection or analysis, the remaining sample may not be truly representative of clinic populations of children with ADHD. Second, more importantly, these clinical differences will only matter if they index underlying differences in genetic liability such that the duos and trios differ in terms of genetic loading for ADHD. If duos represent a more severe, genetically more informative subgroup, this could lead to family-based studies that analyse or collect only complete trios, having reduced statistical power to detect association and linkage. Even where account is taken of missing parental genotypes, if these are not randomly missing, this could potentially lead to distortion in the findings from family-based methods of analysis.
Given that molecular genetic studies of ADHD have only begun relatively recently, the evidence that ADHD subtypes, symptom severity and comorbidity with conduct disorder index genetic loading, is difficult to assess although in general it is assumed that sampling 'extremes' results in greater power. There is currently great interest in molecular genetic studies looking at more heritable, severe sub-types of ADHD. 12, 13 The findings on genetic heterogeneity of ADHD subtypes are however conflicting. Population-based twin studies suggest different genetic influences on hyperactiveimpulsive symptoms and inattentive symptoms. 14, 15 In contrast family and sib pair studies of referred samples and more recently a twin sample meeting diagnostic criteria for ADHD suggest that there is no familial distinction between the subtypes. [16] [17] [18] Molecular genetic findings for different ADHD subtypes are equally mixed with some positive association findings (eg the DRD4 7 repeat allele) being reported for ADHD-combined type 19 and others reporting positive findings for other subtypes. 20 In terms of ADHD symptom severity, there is evidence from at least one study suggesting a relationship between greater loading of high risk DAT (dopamine transporter) alleles and increasing hyperactive/impulsiveness symptom severity. 21 Findings on comorbidity with conduct disorder symptoms have been more consistent. A number of clinical studies have suggested that ADHD and co-morbid conduct disorder is a more severe condition with a worse prognosis than ADHD alone. Faraone (2000) 16 has suggested that ADHD with conduct disorder may represent a sub-type with increased familial loading and this has been supported by recent twin evidence. 22 Holmes et al 23 combined all the UK and Irish studies looking at children with ADHD and conduct disorder symptoms. Despite previous findings of a lack of an association between DRD4 7 repeat allele and ADHD using the TDT, for 67 children who fulfilled diagnostic criteria for ADHD and displayed conduct disorder symptoms, evidence of an association between DRD4 and ADHD with 'conduct problems' was found (7 repeat allele-24 transmissions, 13 non-transmissions; P = 0.05).
Although these findings are preliminary, they suggest that if complete trios show lower conduct symptom scores, excluding duos may lead to reduced power to detect susceptibility genes, and this may provide part of the explanation why family-based association studies provide consistently weaker odds ratios than case control studies for DRD4. 10, 20, 24 There are many potential reasons for non-replication of case control findings when using family-based studies. However one that may need to be further considered now is that samples being analysed in case control analysis may differ in a systematic fashion from those analysed in TDT studies. There may be a complex of environmental as well as possible genetic factors that play a part in this difference between the two groups. That is a matter for further research.
The TDT has been one of the mainstays of the resurgence of interest in family-based association studies. If the method leads to the introduction of a systematic bias there are important implications. We do not suggest that our results will automatically generalize to other phenotypes but at least for the many psychiatric disorders which we have experience of, a relationship between phenotypic presentation or severity and family integrity seems intuitive. We cannot however exclude the possibility that our findings are a methodological artifact given that most of the phenotypic information was obtained from the mother and that mothers from duos may report higher symptom scores in their children (for example, due to lack of support or different perceptions of a child whose biological father is missing, unknown or uncooperative). Nevertheless we do however suggest that researchers need at least to consider phenotypic bias as a potential reason for disparity between case-control and family-based association analyses. Even a negative but adequately powMolecular Psychiatry ered (in terms of numbers of probands) TDT may not imply that a case-control finding is attributable to stratification.
